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Chapter 1

Introduction

1.1 Motivation

The thrust of this research has been towards the implementation in standard commercial

processes of integrated circuits for space vehicles. The object is to take advantage of the low

cost and repeatability of mass produced integrated circuits to reduce the cost of the design

and fabrication of electronics destined for space applications.

Although the main target is public and military space vehicles, reductions in cost would

benefit the private sector as well, in the area of satellite construction, and in other areas

in which the operating environment bears some resemblance to space (e.g. nuclear power

plants, and medical radiology).

1.2 The problem

Ideally, integrated circuits built for use on earth would be usable in space and vice-versa.

In practice however, integrated electronics destined for space must be designed to resist

the deleterious effects of radiation. Although the added overhead of this so-called radiation

hardening does not prevent the circuit from operating on earth, it does add a substantial

cost to the design and the fabrication. Unfortunately, this added cost is not acceptable in

commercial electronics which is an extremely cost-sensitive market.

The typical result of this incompatibility is that space electronics are produced at greater
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expense and in smaller quantities than their earth electronics counterparts. Although there

is always the option of using adequately shielded earth electronics in space, this is not an

ideal solution: it still increases the cost over the earth electronics alone, and perhaps more

importantly, it increases the weight of the resulting assembly.

1.3 Report organization

Apart from actual physical damage, radiation affects modern integrated circuits either by

changing transistor characteristics or by activating parasitic structures or devices.

For instance, one typical radiation effect is transistor threshold voltage shift. Fortunately,

as the integrated circuit process' minimum feature size is reduced, the transistor threshold

voltage shift tends to become smaller also. Another typical radiation effect is edge leakage.

Although edge leakage affects different processes to a varying degree, it can be eliminated

in any process by selecting appropriate transistor geometries. These two effects and their

mitigation are further described in Chapter 2.

Another radiation effect that occurs in bulk CMOS processes is latch-up. Latch-up is

essentially a sudden catastrophic activation of a parasitic structure, which causes large,

damaging currents to flow in the integrated circuit. It is described in greater detail in

Chapter 3.

Because bulk CMOS is by far the most common integrated circuit process today, Chap-

ter 4 describes the novel way that we have proposed for detecting the occurrence of latch-up

and cancelling it.

Since latch-up has traditionally been avoided by using integrated circuit processes other

than bulk CMOS, these alternative processes are reviewed in Chapter 5. They include

NMOS, GaAs, DI SOI, and SOS, and they do not exhibit the parasitic structure which is at

the root of latch-up.

This report ends with our conclusions and recommendations for future research in this

area (Chapter 6).
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Chapter 2

Radiation effects

2.1 The field-effect transistor

The transistor used in bulk CMOS (complimentary metal-oxide-semiconductor) processes is

the field-effect transistor (FET). Its name derives from its method of operation, in which

the application of an electric field creates a channel for current conduction. A schematic

drawing of the cross-section through a typical N-channel FET is shown in Figure 2.1.

polysilicon gate gate oxide

source diffusion drain diffusion

Figure 2.1: Schematic cross-section of an N-channel FET on a P-substrate.

The transistor is created from a crystalline silicon substrate which is selectively doped

with other elements such as arsenic to form N regions or boron to form P regions. Poly-

crystalline silicon (polysilicon) is deposited on top of a thin oxide (the gate oxide) to form

the gate (or control terminal) of the FET. It is from this oxide and the metallic nature

of polysilicon that the term metal-oxide-semiconductor (MOS) is derived. If this oxide is

omitted, the result is a junction FET (JFET) or a metal-semiconductor FET (MESFET).

The N-channel MOSFET (NMOS) shown in Figure 2.1 is formed from a lightly doped
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P-substrate into which more heavily doped N regions of the source and drain are created

by the diffusion of dopant elements into the substrate. P-channel MOSFETs (PMOS) can

similarly be formed starting with an N-substrate and creating P regions for the source and

drain terminals.

2.2 Self-aligned processes

Because the channel under the gate is formed by an electric field, it is important that the

source and drain diffusion region be as close to the gate's edge as possible. This is achieved in

a self-aligned process by using the gate polysilicon itself as the mask during the implantation

of the source and drain.

If we take the transistor drawn in Figure 2.1 and view it from the top as shown in Fig-

ure 2.2, we see that it is essentially composed of two intersecting rectangles: the polysilicon

gate and the so-called active region.

polysilicon gate active region

source diffusion E n n+ drain diffusion

gate oxide

Figure 2.2: Schematic top view of an N-channel FET in a self-aligned process.

During the manufacturing process, the gate oxide and polysilicon gate are formed first.

Then the source and drain dopants are implanted in the entire active region, including the

region which overlaps with the middle portion of the polysilicon gate. This ensures that the

source and drain regions begin and end exactly at the edge of the gate. The polysilicon is

also always extended a safe amount beyond the active region, so that small misalignments

in the fabrication process do not end up shorting the source to the drain.
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2.3 Transistor characteristics

The channel is created under the gate when a sufficiently high potential is applied to the

gate terminal. The minimum gate potential required to turn on the transistor in this way is

called the threshold voltage.

Figure 2.3 shows the channel current at the drain in. a PMOS fabricated in a 1.2/Jm

process, for a -5 V bias at the drain. The threshold voltage is approximately -0.66 V for this

transistor.

ID (mA)

-10

-8

-6

-4

-2

0I
0 -1 -2 -3 -4 -5 VG (V)

Figure 2.3: PMOS characteristics (1.2pm process, VD = -5V).

However, the drain current is not completely zero below threshold. Rather, the charac-

teristics change from an (ideally) square law behavior to an exponential behavior as shown in

Figure 2.4. The threshold voltage is therefore usually computed by fitting transistor model

equations to the empirical data.
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_10-4
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_10-8
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-I0-12, I I I

0 -1 -2 -3 -4 -5 VG (V)

Figure 2.4: PMOS characteristics (semi-log) (1.2/im process, VD = -5V).

2.4 Back gate effect

In an MOS transistor, the electric field at the channel induced by the gate depends on the

substrate potential as well. The transistor characteristics shown in Figures 2.3 and 2.4 were

taken with the source and substrate at the same potential. However, since typically many

transistors coexist in the same substrate, it is likely that some of these will be operating

with the source and substrate at different potentials.

The effect of the substrate potential (VB) is shown in Figure 2.5: the threshold voltage

appears to shift by approximately 0.2 V at a substrate potential of 1 V. This effect is called

the back gate effect or body effect.

If the substrate is left unconnected, its potential may fluctuate leading to unpredictable

transistor behavior. These fluctuations are limited only by the diode characteristics of the

source-substrate P-N junction. Random transistor behavior due to missing or damaged

substrate contacts is referred to as the floating body effect.
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00
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- 00

00

0 -1 -2 -3 -4 -5 VG (V)

Figure 2.5: Back gate effect on PMOS characteristics (1.2pm process, VD =-5V).

2.5 Gate oxide traps

The gate oxide is essential to the CMOS process to provide electrical isolation between the

gate terminal and the source and drain terminals. However, is also one of the causes of

radiation sensitivity in the FET.

Indeed, in the presence of ionizing radiation, an electron can be knocked out of its orbit

around an atom. If this happens in the gate oxide, the electron is swept away by the gate

potential, but the resulting hole moves more slowly. Moreover, the hole may get stuck in an

oxide defect or trap, for extremely long periods of time.

Trapped charges in the oxide alter the vertical electric field in the silicon, which causes the

threshold voltage to shift. This effect is shown in Figure 2.6 for the transistor from Figure 2.3

for radiation doses in the 0 to 100 kRad range: the threshold shifts by approximately 1.5 V

at the 100 kRad dose.

However, as shown in Figure 2.7, a PMOS transistor fabricated in 0.5prm process shows a

comparatively small threshold shift, even for much higher doses. This is typical of the smaller
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Figure 2.6: Radiation effect on PMOS characteristics (1.2pm process, VD = -5V).

feature size processes: as the process feature size shrinks, the gate oxide thickness, width

and length shrink also, which reduces the probability of ionizing radiation interactions within

the rapidly shrinking gate oxide volume. In addition, as the gate oxide becomes thinner,

integrated circuit manufacturers must continually improve its quality thereby reducing the

density of defects.

2.6 Field oxide transistor

If we take the transistor drawn in Figure 2.2 and view a cross section through the gate as

shown in Figure 2.8(a), we can see that the thin gate oxide only occurs in the active region.

The oxide under the polysilicon gate extensions on either side of the transistor is much

thicker, and is referred to as thick oxide or field oxide. Figure 2.8 also shows the location

of the channel or threshold implant which is added to adjust the threshold voltage to the

manufacturer's specifications.
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-15 400 kRad *

500 kRad -i

-10_

-5-

0
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Figure 2.7: Radiation effect on PMOS characteristics (0.5/im process, VD = -2V).

There is also a field implant or channel stop (not shown) which is placed outside the

transistor's channel where the oxide is thick. Under normal operating conditions, the channel

stop prevents a channel from forming outside the confines of the transistor. Unfortunately,

in high radiation environments, this field implant is often insufficient to prevent leakage from

occurring along the path shown in Figure 2.8(b).

The field oxide's quality with respect to the gate oxide accounts for most of the high

sensitivity of the field oxide transistor's threshold to radiation. Indeed, the field oxide is

generally of much poorer quality than the gate oxide, and therefore has a higher trap density.

Additionally, the field oxide is thicker than the gate oxide, and this increased volume increases

the probability of ionizing radiation interactions. The increased volume effect is somewhat
mitigated by the fact that the trap locations are spread across a larger range of distances

from the channel, and trapped charges further away will have less effect on the threshold.

Figure 2.9 shows the increased leakage in the characteristics for an NMOS transistor

fabricated in 0.5pm process, as a result of the field-oxide transistor turning on at progressively

9



field polysilicon n+ source/drain
oxide gate diffusion

threshold p- gate n+ leakage
implant oxide + path

(a) (b)

Figure 2.8: Schematic of an NFET on a P-substrate. (a) Cross-section through the gate.

(b) Top view showing leakage path.

lower gate voltages. However, as shown in Figure 2.10, a PMOS transistor under the exact

same conditions as the NMOS transistor of Figure 2.9 does not exhibit increasing leakage

with radiation. The difference is due to the nature of the trapped charges: radiation causes

holes to be trapped in the oxide of both NMOS and PMOS transistors alike, but the positive

charges cause the NMOS transistors to pass more current and PMOS transistors to pass less

current with increasing radiation dose. Furthermore, despite the low mobility of the holes,

the positively charged gate in the NMOS transistor tends to push the holes closer to the

channel, thereby exacerbating their effect, whereas the negatively charged gate in the PMOS

transistor tends to pull the holes further away from the channel.

In the absence of specialized processes, the field oxide leakage is easily circumvented by

the use of annular-shaped transistors. The top view of an annular transistor is shown in

Figure 2.11. In this configuration, the only location of a parasitic field-oxide device is at the

top, where the polysilicon gate extends beyond the active region. This stub is required to

allow connectivity to the gate, as metal contacts to the polysilicon are generally not allowed

on top of transistors. However, since the diffusion regions on either side of this stub are

electrically connected anyway, any leakage between them is inconsequential.

The use of annular transistors does result in a significant circuit bloat compared to the

use of minimum size transistors. For instance, in a Scalable CMOS process, we find that a

single annular transistor consumes 228 squares, whereas a minimum size transistor consumes

48 squares. However, this factor of six is a worst case scenario: it does not take into account

the minimum transistor separation (which reduces the ratio to 3.4375), the potential sharing

10
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Figure 2.9: Radiation effect on NMOS characteristics (0.5ym process, VD = 2V).
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Figure 2.10: Radiation effect on PMOS characteristics (0.5p/m process, VD = -2V).
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polysilicon gate gate oxide

source diffusion - drain diffusion

n+ -active region

Figure 2.11: Schematic top view of an annular NFET.

of the external source or drain area, the approximately eight times greater width-to-length

ratio, and the fact that many circuits are limited by the wiring density and not the transistor

density. For practical circuits, the bloat factor ranges from 1.5 to 2.

2.7 Summary

Radiation induced threshold voltage shifts are a problem that is gradually going away with

smaller process feature sizes (see Section 2.5). Radiation induced leakage has not been

mitigated by smaller process feature sizes, but can be eliminated by careful geometric con-

siderations at a cost in area (see Section 2.6).

Thus commercial processes gate oxides are becoming more and more suited to radiation

environments, which could potentially significantly reduce the cost of space-based electron-

ics.
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Chapter 3

Latch-up

3.1 The bulk CMOS process

Although radiation affects all MOS transistors in the same way, latch-up is a problem specific

to bulk CMOS (complimentary metal-oxide-semiconductor) processes. To understand why

this is the case, we need to look at the way transistors are fabricated in a bulk CMOS process.

Figure 3.1 is a schematic cross section of a typical CMOS process, showing two transistors,

contacts and metalization.

EM polysilicon E metal

=gate oxide contact

P-substrate IN-well

N transistor P transistor

Figure 3.1: Schematic cross-section of an N-well bulk CMOS process.

The transistor on the left is an N-channel MOS (NMOS) transistor. It uses two heavily

doped N-regions (n+) for its source and drain, and a lightly doped P-substrate (p-). A

13



separate heavily doped P-region (p+) to the left of the NMOS transistor is used to contact

the substrate.

The transistor on the right is a P-channel MOS (PMOS) transistor. It uses two heavily

doped P-regions (p+) for its source and drain, and a lightly doped N-substrate (n-). Because

it is not possible for the substrate to be simultaneously n- and p-, the PMOS transistor is

formed inside a restricted region called a well. A separate heavily doped N-region to the

right of the PMOS transistor is used to contact this N-well.

The process described in Figure 3.1 is an N-well process. However, NMOS and PMOS

transistors can also coexist by starting with an N-substrate and creating P-well regions

for the NMOS transistors, resulting in a P-well process. It is also possible to start with an

intrinsic (un-doped) substrate and form P-wells for NMOS transistors and N-wells for PMOS

transistors. However, bulk CMOS processes refer only to those fabrication processes which

start with lightly doped substrates and create wells for the complementary devices.

3.2 Silicon controlled rectifiers

A silicon controlled rectifier (SCR) is a four layer device formed of alternating P and N

regions as shown in Figure 3.2(a). By slicing the device along the dotted line, it can be seen

that the SCR is electrically equivalent to a PNP and an NPN bipolar junction transistors

(BJT) wired back-to-back as in Figure 3.2(b): the top three layers form the PNP and the

bottom three layers form the NPN.

The BJTs are connected in a positive current feedback loop, in which the collector current

of one device feeds the base current of the other. Any current that flows through one

transistor is amplified by the other and subsequently further amplified by the first one.

Thus, when the product of the current gains (loop gain) of the two devices is greater than

unity, the current flowing through the SCR grows in an unbounded fashion.

In practice however, the loop gain depends on the current through and the potential

across the SCR. For instance, at very large currents, the current gain of a typical BJT drops

significantly from its peak value. Furthermore, the emitter current in a BJT is exponentially

related to the base-emitter voltage. Therefore, as the current in the SCR increases, the
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Figure 3.2: Silicon controlled rectifier. (a) Schematic. (b) Equivalent circuit. (c) Typical

application.

base-emitter voltage of each BJT increases, resulting in a decrease in the collector-emitter

voltage of each BJT, an effect which is further exacerbated by any series resistance in the

SCR. Once the collector-emitter voltage drops below the saturation voltage, the current gain

of the BJTs drops rapidly, and the SCR current will stabilize.

Since the current gain of a typical BJT also drops significantly from its peak value at

very low currents, the SCR can also stabilize with no current flowing through it, other than

leakage. Thus the SCR is typically bi-stable, with a high-current on state, and a zero-current

off state.

In a typical SCR application, the SCR is connected in series between a high current load

and an AC power source, as shown in Figure 3.2(c). Furthermore, a control terminal is added

to the structure (shown in Figure 3.2(a) as attached to the bottom P layer), to switch the

SCR from the off to the on state. When the control terminal is grounded, the SCR remains

in the off state. However, when the polarity of the AC power source is positive, a small

current can be injected into the SCR via the control terminal to cause the SCR to switch to

the on state. The SCR will then remain on, with current flowing to the load, as long as the

polarity of the AC power source remains positive. Since the SCR is a rectifying structure,

no current will flow during the negative phase of the AC power source, unless back-to-back

SCRs are used. Thus, by adjusting the turn-on delay of the SCR from the the beginning of

the positive phase of the AC power source, a variable amount of power can be supplied to

the high current load.
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Once the SCR is in the on state, it is difficult to return to the off state. In theory, the

SCR can be shut off by shunting all the collector current from the upper PNP transistor out

via the control terminal, but in practice, the SCR current is usually so large that shunting it

is impractical. Thus, the only other way to shut the SCR off again is to bring the potential

across it to zero (or some negative value as in the AC SCR application).

3.3 Latch-up in bulk CMOS processes

The structure shown in Figure 3.1 bears more than a passing resemblance to an SCR: the

P source/drain terminals of the PMOS, the N-well, the P-substrate, and the N source/drain

terminals of the NMOS form a parasitic SCR, as shown in Figure 3.3.

n +± nn p ± p +

P-substrate N-well

Figure 3.3: Parasitic SCR in a bulk CMOS process.

If the parasitic SCR structure turns on, the integrated circuit will draw a large amount

of current from the power supply, possibly damaging the on-chip wiring or the P-N junctions

of the transistors and SCR. This condition, called latch-up, is inhibited by grounding the

P-substrate and connecting the N-well to the power supply. However, because the metal

contacts to the silicon have some resistance associated with them, the possibility of a latch-

up is not entirely eliminated (see Appendix A for a calculation of the limits on the contact

resistance for latch-up prevention).

Latch-up can also be inhibited by fabricating the integrated circuit so that the product

of the current gains of the two bipolar transistors in the SCR is less than unity: this inhibits

the positive feedback loop that enables the SCR to remain on after it has been triggered.

(See Appendix A.)
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3.4 SCR characteristics

The SCR characteristics can be measured for low power supply voltages, where the current

in not sufficiently large to cause permanent damage. These characteristics are shown in

Figures 3.4 and 3.5.

Figure 3.4 shows that the current is principally exponential: this is due to the BJT's

exponential relationship between the base-emitter voltage and the collector current.

Figure 3.5 shows that the P-substrate voltage (VPsubstrate) is close to the power supply

(VscR), and that the N-well voltage (VN-well) is close to ground. This is somewhat surprising

because we would not normally expect the P-substrate voltage to exceed the N-well voltage.

Indeed, a BJT's maximum current gain occurs in the active region, which is the region for

which the emitter-base junction is forward biased and the collector-base junction is reverse

biased. However, the BJTs in Figure 3.5 are operating in the saturation region, which is the

region for which both the emitter-base junction and the collector-base junction are forward

biased (see [2]).

This apparent anomaly is explained by looking at the BJT's characteristics, shown in

Figures 3.6 and 3.7: the collector current levels off quite rapidly, within about 100 mV.

3.5 Latch-up current limits

As noted in Section 3.2, the positive feedback connection of the BJTs causes the current to

increase until the feedback is limited by another mechanism. In the case of the bulk CMOS

SCR, the P-substrate voltage cannot increase beyond the supply voltage, and the N-well

voltage cannot decrease below ground.

However, the P-substrate voltage never quite reaches the supply voltage, and the N-well

voltage never quite reaches ground. This is because the current gain of the BJT in the

saturation region depends on the collector voltage: below about 200 mV collector-emitter

bias, a portion of the base current begins to flow to the collector. If the collector-emitter bias

is further reduced, the base current eventually dominate, and the collector current direction

is reversed (as shown at the left edge of the graphs in Figures 3.6 and 3.7). The effect on
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Figure 3.4: Bulk CMOS SCR current versus power supply voltage.
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Figure 3.5: Bulk CMOS SCR internal voltages versus power supply voltage.
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Figure 3.7: Bulk CMOS PNP BJT characteristics.
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the current gain is quite prominent, as shown in Figure 3.8 and 3.9. These Figures also

show that the current gain saturates much more slowly at large base currents, and that the

current gain is largest for intermediate base currents.

IB
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1:>'iJ• IB = 10-10 A A

10 "•IB=10A IB =10- 11 A o

5 •'• •IB = 10-'

-1. J
0.0 0.1 0.2 0'.3 0.4 0.5V (v)

Figure 3.8: Bulk CMOS NPN BJT current gain.

3.6 SCR breakdown

Figure 3.10 shows the evolution of the current in two SCRs when the power supply is slowly

increased to 5 V. Note that one of the devices is completely damaged (the current drops to

a negligible value), whereas the other device is only partially damaged (the current drops

only a little).

These results show that it is not always possible to distinguish a damaged SCR from

an intact SCR. However, it is possible to compare the SCR's characteristics for low power

supply voltages before and after an experiment to determine if the SCR has been damaged

or not. As an example, the before and after characteristics of the second SCR are shown in
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Figure 3.11: Before and after characteristics for SCR #2.

3.7 Summary

Latch-up is a problem specific to bulk CMOS processes. Its occurrence can be quite dam-

aging, although it is not always possible to readily observe the damage (see Section 3.6).

Latch-up in a CMOS integrated circuit can be characterized by a large current draw from

the power supply, and by the P-substrate voltage approaching the power supply while the

N-well voltage approaches ground (see Section 3.4).
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Chapter 4

Latch-up detection and cancellation

4.1 Latch-up detection

Of the distinguishing features of latch-up described in Section 3.4, current monitoring of an

integrated circuit is the most impractical to use: by the time the latch-up current becomes

sufficiently large to detect, the damage may have already occurred.

Furthermore, the latch-up current may only represent a small fraction of the normal

overall integrated circuit current consumption. This can easily occur if the latch-up condition

is limited to a single well. Such a micro-latch-up condition will produce a current which is

dependent on geometric factors such as the size of the well and the number of transistors

in the well. Nevertheless, a micro-latch-up in a- vital portion of the integrated circuit may

incapacitate the chip as a whole.

A better approach is to monitor the substrate and/or well voltages. These signals provide

an early warning of an imminent latch-up, because the base-emitter junctions of the BJTs

in the SCR structure can be allowed to rise as much as 0.5 V without a significant amount

of current flow.

4.2 Latch-up cancellation

One approach to latch-up cancellation is to inject current into the well and the substrate.

Although this approach works, the amount of current required is roughly equal to the latch-
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up current itself. Therefore, it is unlikely that this approach can be made to work on an

integrated circuit without additional, higher-voltage power supplies.

The only remaining practical method of eliminating a latch-up condition is to power down

the affected circuit and then power it back up again. This can be achieved automatically by

supplying the integrated circuit with a transistor acting as a power switch. Unfortunately,

powering down the entire integrated circuit as a whole may not be a practical option. How-

ever, by monitoring each well voltage separately, we can precisely identify the location of

a micro-latch-up event, and thereby limit the corrective action to .the immediately affected

areas.

4.3 Integrated circuit requirements

power

sense

digital
circuit

Figure 4.1: Latch-up detection and cancellation circuit.

Given an N-well bulk CMOS process, Figure 4.1 shows the components required to detect

and cancel latch-up in a digital circuit. A simple digital inverter is used as a sample digital

circuit to illustrate the connections. The required components are as follows:

First, each N-well must have a sense point to monitor its potential. Unfortunately, since

the N-well potential must be compared to the power supply to detect latch-up, the existing
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N-well contact cannot be used as a sense point because it is already connected to the power

supply specifically to inhibit latch-up. A separate sense contact must therefore be supplied

for each well. This is why the PMOS transistor in the digital circuit shown in Figure 4.1 is

"drawn with two N-well terminals.

Second, a differential sense amplifier is needed to compare the N-well voltage to the power

supply. If the N-well voltage begins to dip below the power supply voltage, this indicates that

the parasitic PNP bipolar transistor is turning on, and that latch-up is imminent. The sense

amplifier's inverting input is connected to the sense contact and the non-inverting input is

connected to the digital circuit's local power supply.

Third, a PMOS power switch is needed to turn off the power to the digital circuit to

cancel a latch-up condition. When the sense amplifier detects latch-up, it turns the PMOS

power switch off until latch-up is eliminated.

As shown in Figure 4.1, the sense amplifier is also connected to an NMOS transistor. This

additional transistor is turned on when latch-up is detected to absorb any leakage currents

from the PMOS transistor (in its off state) which might otherwise be sufficient to keep the

SCR latched-up.

The sense amplifier operates as follows. Under normal operating conditions, both the

sense and the power inputs to the sense amplifier are at the power supply rail. When the

digital circuit latches-up, the N-well voltage will drop, causing the sense amplifier's output

to go high. This shuts the power off so that both the sense and the power inputs start to

fall to ground. The sense input will remain below the power input as long as the SCR is

latched-up, until both inputs reach ground. At that point, since the two input have become

equal again, the sense amplifier's output will go low, restoring power to the digital circuit.

4.4 Sense amplifier characteristics

Since the sense amplifier must operate properly with both inputs at the power supply and

with both inputs at ground, a rail-to-rail differential amplifier is needed. Furthermore, since

the output must be low whenever the inputs are equal, the sense amplifier must have a small

positive input offset voltage.
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After testing a number of differential transconductance amplifiers, we have selected the

rail-to-rail wide-range transconductance amplifier shown in Figure 4.2 for use as the sense

amplifier.

power sense out -

bias

Figure 4.2: Rail-to-rail wide-range transconductance amplifier.

This sense amplifier is composed of two differential pairs. The NMOS differential pair

can operate close to the power supply rail, but not near ground, whereas the PMOS differ-

ential pair can operate close to ground but not near the power supply rail. By combining

the currents from both differential pairs using four current mirrors, we get the rail-to-rail

operation that we need (although the transconductance will drop by half when the inputs

are near either rail).

The input offset is provided by an inverted select transistor (marked with an *) in each

differential pair. The inverted select transistors (described in more detail in Appendix B)

produce 'approximately 30 mV of input offset independent of the bias conditions.

An additional current mirror supplies the bias current for the PMOS differential pair by

copying the bias current for the NMOS differential pair.
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4.5 Latch-up test setup

In order to test the proposed circuit, we fabricated an SCR structure in a 0.5/-m process. The

SCR is composed of four parallel bands of diffusion, 1.2p/m wide, 104.41um long and 3.6Upm

apart. The die containing the SCR was glued to a PC board, and the SCR was wire-bonded

to copper pads on the PC board. The board was mounted in a fixture with a 4.15 mW, 660

nm visible laser diode module.

When turned on, the laser produced approximately 20yA of photo-current in the reverse-

biased N-well to P-substrate junction of the SCR. This allowed us to simulate a contact

resistance as low as 100KQ and still trigger the SCR with a laser pulse.

SCR VwI

P

100KQ 100MQ
N

100KQ *p

100KQ 100MQ

- VP-substrate

Figure 4.3: Latch-up test setup with sense amplifier, power switch, SCR and biasing resistors.

The full test setup is shown in Figure 4.3. The sense amplifier was constructed of discrete

annular transistors (as described in Section 2.6) fabricated in a 1 .2pim process. The bias

current was provided by a 100KQ resistor to the power supply, resulting in approximately

50piA of bias current.

Two 100KQ resistors were attached to the SCR, one each between the top and bottom

P-N junctions, to simulate the contact resistance. One 100MQ resistor was connected to each

of the internal layers to allow the monitoring of the internal voltages during the test: these

100MQ resistors where connected to an oscilloscope with 1MQ input impedance, resulting
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in a 100 fold attenuation of the signals, but preventing the oscilloscope from affecting the

SCR's operation.

4.6 Test protocol

The laser was pulsed on and off with a computer controlled square wave to periodically

trigger the SCR. The on duration of the laser module supply voltage was 15 ms and the off

duration was 5 ms. Note however, that the laser does not turn on instantly when the power

is applied to its module.

Although the PMOS power switch in Figure 4.3 was initially unable to supply enough

current to allow the SCR to be damaged by latch-up, additional transistors were added in

parallel up to a total of six. The SCR was characterized before the experiment, and again

after the addition of each extra transistor. No damage to the SCR was detected.

After the last test, the sense input of the sense amplifier was tied to the power supply

to disable the latch-up detection. Then the circuit was tested again, and the SCR was

characterized to confirm that it had been obviously damaged.

4.7 Results

Typical waveforms for the laser control signal, the SCR power supply, and the SCR internal

voltages are shown in Figures 4.4 and 4.5.

In Figure 4.4, the laser module is turned on at the 2 ms time mark, and the sense amplifier

shuts off the power approximately 5 ms later.

Figure 4.5 shows that no detectable rise in the P-substrate potential occurs before the

sense amplifier shuts off the power. Directly measuring the SCR current confirms that

no detectable current flows through the SCR before the sense amplifier reacts to prevent

damaging latch-up conditions. Note that while the power is off, the P-substrate potential

rises by about 0.3 V and the N-well potential goes to about -0.4 V: this is due to the photo-

voltaic effect of the laser on the SCR, and prevents the sense amplifier from restoring power

until the laser is turned off.
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Figure 4.6 shows the SCR characteristics at the beginning and in between test runs.

Figure 4.6 also shows the SCR characteristics after intentionally damaging the device by

connecting the sense input of the sense amplifier to the power supply.
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Figure 4.6: SCR characteristics before, between and after tests.

4.8 Limitations

The first principal limitation of the proposed latch-up detection and cancellation approach

is that the sense amplifier circuit and power switch are themselves susceptible to latch-up.

Fortunately, there are some techniques which can be leveraged to reduce the latch-up

probability (see Appendix A), as well as post-fabrication chemical etching techniques to

isolate the N-well(s) from the substrate. These methods all consume a large area on a

chip, but can still be practical for the small number of sense amplifiers and power switches

envisioned for an integrated circuit.

The second principal limitation is that the circuitry affected by the latch-up cannot
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operate when the power supply is shut off. Thus, minimizing the probability of a latch-up

event, and providing redundant circuits are a necessity if the integrated circuit is to function

normally through a latch-up event.

4.9 Summary

Latch-up detection and cancellation by means of on-board sense amplifiers and power switches

appears to be a viable way of protecting an integrated circuit from the damaging effects of

latch-up. Furthermore, by localizing the occurrence of latch-up, we can limit the temporary

effects of latch-up cancellation to a small part of the overall integrated circuit, and employ

redundant circuitry to continuously maintain the integrated circuit's functionality.
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Chapter 5

Competing technologies

Unlike the methods proposed in this report, current methods for handling latch-up issues all

involve specialized fabrication processes in which latch-up is known not to occur.

There are two principle categories for these processes: the enhancement/depletion tech-

nologies which avoid latch-up by not providing complimentary devices, and the twin-tub-like

technologies which avoid latch-up by electrically isolating the complimentary devices from

one-another.

5.1 Enhancement/Depletion technologies

There are two common types of enhancement/depletion integrated circuit processes: those

made from silicon (Si), and those made from gallium-arsenide (GaAs).

5.1.1 Silicon

Before the advent of the current CMOS technologies, silicon integrated circuits based on the

field-effect transistor (FET) were manufactured in NMOS (N-channel metal-oxide-semicon-

ductor) technologies.

As its name implies, NMOS processes does not have any complimentary devices, only N-

channel transistors. However, these transistors can be fabricated with two (or more) different

threshold voltages. Typically, for digital processes, one device has a high, positive threshold
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voltage so that it can be turned on or off depending on whether the transistor's gate terminal

is at the upper or lower power supply rail, and the other device has a zero or slightly negative

threshold voltage, so that it behaves like a current source when the gate and source are tied

together.

The first type of device is referred to as an enhancement mode device, and is the same

as the type used in CMOS processes. The other device is referred to as a depletion mode

device and is typically used in place of a passive load in digital gates (where the P-channel

transistor would normally go in a CMOS process) and is often fabricated by simply omitting

the channel implant step in the fabrication.

Since the NMOS process does not have P-channel transistors, and since the depletion

mode device can be fabricated along with the enhancement mode device without additional

steps, the fabrication of an NMOS integrated circuit is simpler and therefore cheaper than

the fabrication of a CMOS integrated circuit. (This is part of the reason why NMOS predates

CMOS.)

The disadvantages of NMOS processes are principally the inability to make wired-NAND

structures (due to the lack of an active pull-up device), the static power dissipation of any

digital gate whose output is low, and the lower operating speed. These disadvantages have

all but driven NMOS processes from the current marketplace.

5.1.2 Gallium-arsenide

Typical GaAs processes also use only enhancement and depletion mode N-channel transistors.

Although the operation of GaAs integrated circuits is similar to the silicon NMOS counter-

part, there are two distinctions: the electron mobility is higher in GaAs, and GaAs processes

usually use MESFETs (metal-semiconductor field-effect transistors, see Section 2.1).

The higher mobility of GaAs allows the transistors to switch faster than similarly sized

silicon transistors. However this advantage is substantially diminished by the fact that

contemporary silicon processes typically use smaller lithographic feature size, which results in

horizontal electric fields between the source and the drain in excess of 104 V . In the presence

of such high field strengths, the carrier velocity in silicon exceeds that in GaAs resulting in

a faster device for a fixed channel length and drain to source voltage. Furthermore, in a
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MESFET, the gate terminal is a metal-semiconductor rectifying contact to the channel, so

that the transistor's gate conducts current when the gate to source voltage is positive. This

typically leads to increased static power dissipation in GaAs VLSI circuits.

However, gate current does have some benefits. For instance, in GaAs Direct-Coupled

FET Logic (DCFL), each digital logic gate is composed of a single depletion mode output load

transistor, and a network of multiple enhancement mode input transistors (in parallel and

serial combinations). In this arrangement, when the gate's output is low, the current from

the load transistor flows through the network of input transistors, and when the gate's output

is high, the current from the load transistor flows into the gate of the input transistors in the

next DCFL gate. Thus, the DCFL gate's current consumption remains constant regardless

of the state of the gate's output (reducing ground bounce), and the voltage swing at the

output is limited. Consequently, a DCFL gate can be operated faster than a comparable

NMOS process digital logic gate.

Nevertheless, the high power dissipation of GaAs as well as its high fabrication costs

have overwhelmed its speed advantage over silicon CMOS for most applications. Therefore,

although GaAs has been used in the past as the basis for high speed digital logic families

(e.g. for super-computers), it is currently relegated to the high-end RF circuits area, where

power dissipation is dominated by its dynamic rather than its static component.

5.2 Twin tub technologies

Twin tub or twin well technologies, beginning with DI (Dielectric Isolation) and continuing

with SOI (Silicon-On-Insulator), are processes that have been around for a while and have

found extensive use in analog and high-voltage integrated circuits, mainly in the telephone

company and automatic test equipment industry. Within the SOI category is also SOS

(Silicon-On-Sapphire), in which the underlying support substrate is a sapphire wafer instead

of a silicon wafer.
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5.2.1 Dielectric Isolation and Silicon-On-Insulator

The early objectives of DI and SOI were to allow high temperatures and very high voltages

(100 to 600 Volts) - but not necessarily high currents - on an integrated circuit by isolating

transistors from one another and confining the electric fields from the high voltages to the

area immediately enclosing each transistor. Currently however, SOI has become particularly

attractive to the VLSI community for its high packing density and low parasitic capacitance

in sub-micron designs.

Both DI and SOI are formed of silicon islands or tubs, each containing a single transistor.

Each tub is isolated from its neighbors and the silicon substrate by a layer of silicon dioxide.

The thickness of the silicon dioxide and of the silicon film from which the islands are formed

varies according to the application. The main purpose of the silicon islands is to confine

dopants during drain/source implantation and to confine the electric fields during device op-

eration. As an added benefit, the drain/source to substrate leakage current and capacitance

of the bulk CMOS process are eliminated, which permit increased operating temperatures

and speeds.

Unfortunately, although the thorough isolation via silicon dioxide is a necessary feature of

DI and SOI, it is also an impediment to heat dissipation due to the poor thermal conductivity

of silicon dioxide. Higher power dissipation can be achieved by thinning the insulating

layer between the transistor and the substrate (the buried oxide), but only at the cost of

increased capacitive coupling between the transistor and the substrate. Although the higher

permissible operating temperatures somewhat offsets the poor power dissipation, local or

self-heating can cause somewhat erratic transistor characteristics, which must be taken into

account during the design process.

The key to the rapid adoption of SOI by former bulk CMOS manufacturers is the in-

creased chip functionality without the cost of major process equipment changes such as

higher resolution lithographic tools. The lack of a well to substrate junction permits much

closer spacing of complimentary devices, and high-performance digital processes tend to omit

body contacts in favor of even higher transistor density. However, for moderately thin silicon

films, the lack of body contacts results in the so-called kink effect, in which a variation in the
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transistor characteristics is observed due to random charge accumulation in the body (see

Section 2.4). The kink effect can be eliminated by making the silicon film thinner than the

depletion region under the channel, such as in Fully Depleted SOI (FDSOI) or Thin Body

SOI However, the film doping, channel implant and threshold voltage must be carefully

balanced to maintain full depletion over the transistor's entire operating range.

The transistor's self-heating and kink effects are the main challenges to SOI design,

due to their dependence on the device's somewhat unpredictable past operation history.

Nevertheless, the eventual switch of bulk CMOS foundries to SOI currently seems inevitable,

and there is some evidence that SOI will be well suited to radiation environments due to the

absence of latch-up, and the small transistor radiation interaction volumes.

5.2.2 Silicon-On-Sapphire

Silicon-On-Sapphire (SOS) was invented in an attempt to eliminate the thermal barrier

caused by the buried oxide layer in SOI. Since sapphire is an electrical insulator, the silicon

film can be placed directly onto the sapphire, and the wafer can then be processed just like

an SOI wafer. Although sapphire's thermal conductivity (25mw at 100'C) is lower than

silicon(109.w at 100°C), it is much higher than silicon dioxide, which effectively eliminates

any noticeable self-heating effects. Moreover, sapphire is transparent to visible light and

infrared, making it an ideal choice for opto-electronic devices.

The difficulty with SOS lies in achieving a good interface between the sapphire and the

silicon. For very thin silicon films, this interface must be almost as free of defects as the

interface between the silicon and the gate oxide. The silicon dioxide to silicon interface is

comparatively well understood, since it is present in every MOS transistor, and has facili-

tated the transition to SOL. In contrast, early SOS integrated circuits were plagued by low

transistor yields due to the poor interface at the sapphire substrate. Consequently, SOS has

been restricted to high-speed but low transistor count circuits such as RF components.
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5.3 Summary

Each competing technologies (NMOS, GaAs, SI, SOI, SOS) has its share of advantages

(latch-up and/or radiation immunity) and drawbacks (typically power dissipation and/or

cost). Although none of these technologies is too common today, the adoption of any of

them, by DRAM or microprocessor manufacturers for instance, could significantly change

their popularity.
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Chapter 6

Conclusion and recommendations

6.1 Conclusion

We have found that latch-up can indeed be detected by observing the well potential, and

that latch-up can be subsequently cancelled by shutting down the power to the latched-up

portion of the integrated circuit. We have verified that the latch-up detection is both early

enough and fast enough to allow the shutdown to complete before the integrated circuit can

be damaged.

However, we have not tested the latch-up detection and cancellation components in a

radiation environment, nor have we attempted to trigger latch-up with high energy radiation.

Furthermore, the circuits were tested at a rather low repetition rate. It is conceivable,

that if an integrated circuit receives too much latch-up inducing stimulation, the power will

remain off, and no useful work will be performed.

Finally, the tests were performed using circuits constructed out of discrete components

(although fabricated on a single integrated circuit). Scaling of the circuitry so that all the

circuitry and wiring is on a single chip may expose unforeseen parasitic capacitance and

inductance effects.
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6.2 Recommendations

Addressing the shortcomings of this work will require a larger research effort in the following

areas.

6.2.1 Process variation

Integrated circuit characteristic will vary from one manufacturer to another (e.g HP and

AMI), from one process to another from the same manufacturer (e.g AMI 1.2im and 0.5/m

processes), and even from run to run of the same process.

However, all the parts used for the tests came from the same run. A thorough investi-

gation of the effectiveness of the proposed technique would require having the same circuits

fabricated on multiple runs and processes, and by different manufacturers: we may dis-

cover that some of the variations that we encounter may render the latch-up detection and

cancellation circuits unusable.

6.2.2 Radiation exposure

To reduce the cost of testing the latch-up detection and cancellation circuits, the test inte-

grated circuit was manufactured in an older technology which is known to be susceptible to

large threshold shifts in the presence of radiation (as shown in Chapter 2).

These circuits need to be re-fabricated in a more modern, sub-micron process, which are

typically much less sensitive to radiation. The chips should then be exposed to radiation to

determine whether or not the circuits still operate properly, and what level of total-ionizing

dose (TID) can be withstood.

6.2.3 Radiation induced latch-up

Full testing of the latch-up detection and cancellation technique also needs to be performed

under more realistic conditions. Although photo-activation of the SCR is useful as a testing

method, a circuit in a real space application will be exposed to. photons of much higher

energies, along with other high energy particles (electrons, protons, beta particles, etc.).
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To this end, some testing needs to be performed at a particle beam facility, such as

Brookhaven National Laboratory (BNL). At the BNL facility, devices can be placed in the

path of a high energy particles of various mass to trigger the latch-up condition. This would

result in a more realistic test, because the particle energies are closer to what one would

expect in nature, and an accelerated test rate, because the particle densities are higher.

6.2.4 Redundancy

The circuits protected by the latch-up detection and cancellation technique are not functional

during a latch-up cancellation cycle due to the lack of power. If the latch-up event is

sufficiently rare, it may be possible to restart the interrupted work from scratch. Some

integrated circuits, such a microprocessors, may be able to recover gracefully from more

frequent interruptions by using some sort of work check-pointing method. However, for the

remaining integrated circuits, some provision must be made for redundant circuitry to take

over.

Circuit redundancy methods need to developed in order to produce useful integrated

circuits. A digital circuit could use a simple voting scheme, or a more sophisticated approach,

such as using the sense amplifier output to decide whether or not a circuit's output is valid.

6.2.5 Complex digital circuits

The testing of the latch-up detection and cancellation technique was performed with an SCR

rather than with a digital circuit, because no sacrificial digital circuit containing the required

sense contacts was available in sufficiently large quantities for testing.

Although some effort was made to gauge the effect of a running digital circuit on the latch-

up detection and cancellation technique, no conclusive result was obtained, and therefore the

data has not been included in this report.

A "full test" of the technique is therefore desirable. Ideally, this should include a fairly

large digital circuit with redundant circuitry, tested under radiation (both TID and high-

energy), in which the digital circuit can be verified to be computing properly throughout the

test, while portions of the circuit exhibit micro-latch-up.
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Appendix A

SCR latch-up limits

A.1 Effect of contact resistance

The equivalent circuit of the parasitic SCR with the contact resistances is shown in Fig-

ure A.1.

Rt4  114 134 Rt3

V4  V3

'18

17
JI5

16

V2  V1

R2  112 11 R,

Figure A.1: Equivalent circuit for an SCR in a bulk CMOS process with contact resistances.

For latch-up to occur, the loop gain around the BJTs must be greater than unity. Using
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the following equations for the bipolar transistors

/V 2 - V1 \
17=Inpn (e VT -1

17 = 1lnpnI6

we can compute the relationship between 15 and 17 due to the NPN transistor:

V1 = I1 R 1 = (16 + 1 7 )R 1 = Onpn + I 1R,
/3 npn

and
1

V2 = I2R2 = (15 - 16)R 2 = I5R2 - -I7R2/3 npn

and

V2 -VI=VTln(•-+1)

therefore

152- 1 17R2 - Onfpfl+11R, = VT In 17+ I)
1npn 3 npn lnpn

or equivalently
15 npn + R, + T In + 1

17 /npn O~p. fT2  17R 2  -Inpn

To ensure a large enough loop gain, we want to make • smaller than unity, or at least
IT

smaller than a, where a is the gain for the PNP.

Since the In function is sub-linear, the logarithm term can be made as. small as we want

by making 17 suitably large. Therefore, the term. to concentrate on is the reverse gain R1npn

1 ±Rnpn + 1 R, -R 2 + (3npn +- 1)R 1
npn + npnW R 2  npnR2

A similar reverse gain can be computed for the PNP

=R3 -+ ( ,pnp + 1)R 4
)3pnpR3

The conditions under which latch-up can occur, can now be expressed as

RnpnRpnp < 1

or equivalently
R 2 + (Onpn + 1)Rj ft 3 + (Ipnp + 1)R 4 < (A.1)

OnpnR2 OfpnpR 3
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A.2 Reducing BJT gain

Equation A.1 indicates that if we can make the BJT current gain small enough, then the

product of the reverse gains can be made larger than one.

In a BJT, charge carriers from the emitter travel through the base to the collector.

Consequently, the current gain is limited by the amount of carrier recombination in the

base, and for this reason, bipolar transistors are generally designed to have a thin base.

Conversely, we can artificially reduce the BJT's gain by thickening the base.

Since the PNP transistor is mainly a vertical structure, the base thickness is simply the

depth of the N-well (as shown in Figure 3.3), and can only be adjusted by the integrated

circuit fabrication facility. The current gain of this parasitic device is therefore fixed, and

can be as high as 27.7 as shown in Figure 3.9, or as high as 100 in other CMOS processes.

On the other hand, the NPN transistor is mainly a lateral structure, for which the

base thickness is the distance between the N-diffusion emitter (to the right of the NMOS

transistor in Figure 3.3) and the N-well. The measured the gain of the NPN transistor

for various distances of the emitter to the N-well as a function of base current is shown in

Figure A.2 for a 1.2pm process.

In Figure A.2, the top five curves are for the emitter at 16.2, 21.0, 25.8, 30.6, and 35.4 /um

from the N-well. The bottom two curves are for the emitter at 85.8 and 90.6 Pm from the

N-well. As clearly be seen, the current gain does drop significantly as the distance increases.

However, the return diminishes steadily, so that even when we place the emitter very far

away, the current gain still peaks at 0.6. Therefore, given the large gain of the PNP device,

separation alone is unlikely to prevent the occurrence of latch-up.

A.3 Reducing contact resistance

Equation A.1 also indicates that if we can make R2 smaller than R1 and/or R3 smaller than

R4, then the product of the reverse gains can be made larger than one. What this means

is that the P-substrate and N-well contacts should have a lower resistance than the other

contacts.
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Figure A.2: NPN current gain dependence on geometry.

Although only the integrated circuit foundry can adjust contact resistances, we can also

reduce the reduce the effective P-substrate and N-well contact resistance by using many

contacts in parallel. This is typically achieved by placing a ring of contacts around each

transistor.

A.4 Back gate

Another method that is commonly used to reduce the probability of latch-up is to bias the

P-substrate below ground and the N-well above the power supply. Although this changes

Equation A.1, it does not eliminate the dependence on the BJT current gain or the con-

tact resistance. Furthermore, it has the undesirable effect of increasing the MOS transistor

thresholds as shown in Figure 2.5.
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A.5 Chemical etch

A final method that we have considered is to isolate the PMOS power transistors after

fabrication using a chemical etch procedure. For instance, it is now possible to etch an

integrated circuit die in tetramethyl ammonium hydroxide (TMAH) to suspend a N-well

and isolate it from the P-substrate.

TMAH is an anisotropic etchant which will not etch an N-well, provided that bias voltages

are maintained between the N-well, the P-substrate and the TMAH solution during the

etching process. The result of a TMAH etch is the production of an inverted pyramidal pit

under the suspended N-well.
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Appendix B

Inverted select devices

B.1 Differential amplifier input offset

Real differential amplifiers are rarely perfect: they have finite gain, they have a non-zero

common mode gain, and they have a non-zero input offsets. The input offset is simply the

input differential signal required to get the amplifier's output to be midway between the

power rails.

Usually, differential amplifiers are designed to have as small an input offset as possible.

However, for the sense amplifier application of Chapter 4, a small predictable input offset is

necessary.

+
out

biasH

Figure B.1: Differential amplifier with positive input offset.

Producing an input offset can be achieved in several ways. For instance, in Figure B.1,
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the input offset is produced by the mismatch between the input and output voltages of

the current mirror: since the output voltage is almost always greater, the output current is

always slightly larger than the input current. Thus, although the differential pair produces

the same current on either side when the inputs are equal, the inverting input's current

gets mirrored once more than the non-inverting input's current. Thus, at the output, the

pull-down current is always larger than the pull-up current (for equal inputs), resulting in a

low output signal.

Similar current mismatches can be obtained by intentionally changing the current mir-

ror or differential pair transistor ratios. However, this results in an offset voltage whose

magnitude is dependent on the bias current and the temperature.

B.2 Inverted select transistors

In order to get an invariant input offset voltage, one possible approach is to use floating

gate transistors. However, floating gate transistors do not operate reliably in. radiation

environments. Another approach, which yields limited offset values, is to use inverted select

transistors.

CWN

CSN

CSP

Spj n+ ____ p+ _p _

P-substrate N-well

N transistor P transistor

Figure B.2: Doping masks for an N-well bulk CMOS process.

Inverted select refers to the masks used to dope the silicon during the integrated circuit

manufacture. Figure B.2 shows three of these masks for an N-well bulk CMOS process.
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The CWN mask is used to create the N-well: where the mask is open, the dopant ions are

permitted to diffuse into the substrate to form the N-well. Similarly, the CSN (N-select)

mask marks the N-diffusion areas, and the CSP (P-select) mask marks the P-diffusion areas.

Note that the select masks are normally open over the transistors as well as their source and

drain area: this causes the polysilicon gate to be doped as well. If we switch the select mask

over the polysilicon gate, the source and drain areas remain the same, but the polysilicon

gets doped differently. The result is a slight change in the transistor's threshold voltage, as

shown in Figure B.3 for the annular transistors used in Chapter 4..

IIDI (A)

10-2

10-4

10-6

. NMOS normal o
10-

"NMOS inverted ,

10 -10 T-9 PMOS normal c

PMOS inverted
10-12 - I

10 2 IVG (V)

Figure B.3: Comparative inverted select MOS characteristics.

Figure B.4 shows how the transistor is constructed.
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• normal select

d inverted select
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Figure B.4: Top view of annular inverted select transistor.
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